Abstract. We continue the study of the impact from baryon physics on the small scale problems of the ΛCDM model, based on a semi-analytical model (Del Popolo, 2009 ). With such model, we show how the cusp/core, missing satellite (MSP), Too Big to Fail (TBTF) problems and the angular momentum catastrophe can be reconciled with observations, adding parent-sattelite interaction. Such interaction between dark matter (DM) and baryons through dynamical friction (DF) can sufficiently flatten the inner cusp of the density profiles to solve the cusp/core problem. Combining, in our model, a Zolotov et al. (2012)-like correction, similarly to Brooks et al. (2013), and effects of UV heating and tidal stripping, the number of massive, luminous satellites, as seen in the Via Lactea 2 (VL2) subhaloes, is in agreement with the numbers observed in the MW, thus resolving the MSP and TBTF problems. The model also produces a distribution of the angular spin parameter and angular momentum in agreement with observations of the dwarfs studied by van den Bosch, Burkert, & Swaters (2001) .
Introduction
The ΛCDM (cosmological constant and Cold Dark Matter) model of cosmology, although highly successful in describing the observations of the Universe, its large scale structure and evolution (Spergel et Burkert,& Swaters, 2001) , that is the discrepancy between the large discs of observed spirals and the small discs obtained in Smooth Particle Hydrodynamics (SPH) simulations; c) the "missing satellite problem" (MSP), namely the discrepancy between the number of predicted and observed subhaloes when running N-body simulations ; Moore et al. 1999 ) 2 .
This work extends a previous paper (Del , enriched with the part of the model described in appendix B, and will chiefly focus on the latter problem (MSP). However, the model also carry the solution for former two (CCP and AMC), from the part of the model developed in Del Popolo et al. , from dwarf galaxies to clusters of galaxies. More recently, (Stadel et al. 2009 ; Navarro et al. 2010 ) have shown the Einasto profile to better fit density profiles. It is characterized by a profile increasingly flattening (becoming shallower) toward the center of the structure, until α ≃ 0.8 at 120 pc (Stadel et al. 2009 ). This is the smallest slope obtained in simulations, but remains larger than in observations, as galaxy inner density profiles are usually flat or almost flat (Burkert 1995 Initially noticed in galaxies, the CCP is also present for clusters of galaxies. Flat inner density profiles were found in several clusters by Sand et al. (2004) , and more recently in Newman et al. (2009 Newman et al. ( , 2011 Newman et al. ( , 2013 .
Several solutions have already been proposed (see de Blok 2010 for a review). They can also be distinguished into cosmological and astrophysical ones. Cosmological solutions are similar to those for the MSP.
Astrophysical solutions stem from some "heating" mechanism inducing expansion of the DM component so that the resulting inner density is reduced. The mechanisms proposed are split in two categories: "supernova-driven flattening" (Navarro et The "angular momentum catastrophe" appears in SPH simulations of galaxies: those simulations show that the collapse does not conserve baryons' angular momentum: they only carry 10% of the angular momentum typical of real galaxies. However, SPH disks are too small compared with real disks (Navarro & Benz 1991; Navarro & Steinmetz 1997; Sommer-Larsen, Gelato, Vedel, 1999; Navarro & Steinmetz 2000) . In addition, N-body simulations' specific angular momentum distribution disagree with observations (mismatch of the specific angular momentum profile).
The over-cooling problem in CDM models (e.g., White & Reese, 1978 ; White & Frenk 1991) has often been considered responsible of the AMC: gas contracts into small clumps that collapse towards the center of the system, loosing angular momentum by dynamical friction, transferred to the DM halo (Navarro & Steinmetz 2000) , when feedback effects heating the gas (UV background reionization, ram pressure, tidal heating) remain negligible. The problem reduces when some form of feedback is taken into account: e.g. energy feedback from supernova (Sommer-Larsen, Gelato, Vedel, 1999) . However, other problems remain such as the mismatch of the angular momentum profiles (e.g., van den Bosch, Burkert and Swaters, 2001 , hereafter VBS), or the logarithmic scatter of the spin parameter, smaller for real galaxies than in simulations (de Jong & Lacey 2000).
Gas processes can result in different distributions between DM and gas (Maller & Dekel 2002 ). In such model, low specific angular momentum baryons are eliminated by SF, that removes gas from small incoming haloes, since low angular momentum components of the system are provided by these small haloes (see also Sommer-Larsen et al. 2003 ; Abadi et al. 2004) .
Indeed, unless a process like a "selective outflows" of low angular momentum gas (D 'Onghia & Burkert 2004 ) is present, the combination of DF with feedback models, even in the absence of substructures, was long unsuccessful in forming bulgeless galaxies (van den Bosch et al, 2002). Nevertheless, bulge-less galaxies, with flat galaxy density profiles and angular momentum distribution of baryons resembling galaxies stellar disc recently resulted from stripping low angular momentum gas through supernovae explosions outflows .
In the present paper, we follow the path opened by Z12 and B13, but we consider another mechanism than SF that is also better able to flatten the density profiles of satellites. Namely, we use a mechanism based on the exchange of energy and angular momentum from baryons clumps to DM through dynamical friction (DF) We use DP09 to calculate the flattening of isolated satellites through the mechanism based on DF, and a combination of the Taylor & Babul (2001) (TB01) model with that in P10 (hereafter TBP model) to study the effect of tidal stripping and heating on the satellites. In addition to the difference in the cuspy to cored profile mechanism, already present in B13, our model is properly taking into account, through the TBP model, the tidal heating mechanism. Such tidal heating is not captured in the SPH simulations from which Z12 derive their correction (as stressed in Sect. 4 of B13), since, as they point out, this would require a very high resolution (Choi et al. 2009 ). Moreover, we properly take into account disk shocking while this is neglected in Z12: we account for the effects of satellites passing through the host galaxy disc.
Finally, the ∆v c -v infall correction that we find shows a clearer trend (see the discussion in the following section). This is due to the absence, in our case, of numerical effects present, and described, in Z12 5 are not present.
In summary, although in our model the profile flattening is calculated as in Del Popolo et al. (2014), here the model of Taylor & Babul (2001) is included to follow the dynamics of satellites and their interactions with the main halo, and to take into account the mass loss during substructure evolution due to tides and tidal heating. Moreover, inasmuch as inspired by Z12 and B13 in substructure treatment, we escaped the limitations of their SPH and SPH-based treatment with semi-analytic methods, obtaining a better v c − v inf all relation and accessing the effects of tidal heating and disc shocking. Our model employs a novel combination of parent-satellite interaction through dynamical friction, UV heating and tidal stripping to obtain satellite numbers and angular spin parameter distributions in agreement with observations. The paper is organized as follows. In Sect. 2, we describe how the CCP,MSP and TBTF problem can be solved simultaneously when baryonic physics is properly taken into account, focussing more particularly on the latter two. Appendices A and B give the detail of the model. Sect. 3 describes the results, including in addition the solution to the AMC, and a discussion. Sect. 4 is devoted to conclusions. . B13 proposed an interesting baryonic solution to those two problems: instead of running SPH simulations of different galaxies, they tried to introduce baryonic effects in large N-body dissipationless simulations, like the VL2, showing that the result obtained is in agreement with observations of MW and M31 satellites.
In the following, we will partly follow their steps to obtain the corrected circular velocities and distribution of VL2 satellites. The differences between our model and Z12, and B13 has been reported in the introduction.
In summary the method is based on the following ideas and is divided into two main phases:
1. In the first phase, the satellite is considered isolated, without interactions with the host halo, and the flattening of the density profile produced by baryonic physics is calculated (in particular, the lowering of the central mass of subhaloes). In this paper we deliberately chose not to take account of SF and to concentrate on the model of baryonic clumps exchanging energy and angular momentum with DM through DF, since it has clearly been shown (Del Popolo, 2014a, Fig. 4 reproduced here in Fig. 1 ) that in the mass (circular velocity) range of the dwarfs studied in the present paper, the former is less efficient in transforming cusps into cores than the latter. 2. Then comes the second phase, when the satellite, no longer considered isolated, is now subject to the tidal field of the host halo, and finally accreted to it. The total central mass is further reduced, with respect to the first phase, by tidal stripping and heating. This latter decrease in the central mass can be expressed in terms of changes in the circular velocity, v c , also proportional to the density. More precisely, we calculate the difference in circular velocity, at 1 kpc, between the DM-only (hereafter DMO) satellites and those containing also baryons (hereafter DMB satellites), ∆v c,1kpc
Then, the effects of baryon physics, not taken into account in N-body simulations, responsible of the flattening of the profile are introduced in the VL2 simulation by correcting the central circular velocity of the satellites.
In other words, we obtain an analytical correction, similarly to Z12, to apply to the center of the haloes and that mimics the effect of flattening of the cusp, using tidal stripping and tidal heating (note that the latter effect is not taken into account in the Z12, as already reported above). To this we also join other corrections (e.g., tidal destruction and UV heating effects on subhaloes) discussed in DP09. Those corrections are then applied to the satellites of the VL2 simulation, as done by B13.
We stress again that in our model: a) the density profile flattening is due to DF and not to SF, as was the case in Z12 and B13; b) tidal heating, and disc shocking is taken into account, differently from Z12 and B13; c) our model does not suffer from the numerical effect that was producing "artificially" rich satellites in Z12 simulations.
First phase: density profile flattening and CCP
We first turn to the treatment of the isolated satellites, before their accretion onto the main system. The tidal forces of the parent halo on its satellite is fundamentally determined by the shape of the latter (e.g., Mashchenko et al 2006 Mashchenko et al , 2008 P10) . The structure of satellites with cuspy profiles does not suffer big changes while entering their parent halo, whereas cored profile satellites' gas will get easily stripped by the parent's tidal field, which, in some cases, even destroy that satellite (TB01; Stoher et al. 2002; Hayashi et al. 2003; Read et al. 2006; P10) . The first phase is thus of fundamental importance since it defines the shape of the satellite. Furthermore, it can equally be applied to study the parent or the Fig. 2 , that even if different methods were used, keeping v rot ≃ 50km/s, the flattening due to the two mechanisms is similar. We now set out the procedure. As was done in DP09 (and also in DP12a, DP12b), we study the evolution of protostructures from the linear phase until they form structures with galactic mass, and then calculate their density profiles. The model discussed in DP09 (and DP12a, b), is an improved spherical infall model (SIM) already discussed by many authors ( Differently from previous SIMs, adiabatic contraction, dynamical friction (DF), random angular momentum, ordered angular momentum, gas cooling, and star formation (see the Appendix) are all simultaneously taken into account.
In our model, galaxy formation starts with the proto-structure, made of DM and gas, in its linear phase. The baryonic fraction is fixed following McGaugh et al. (2010) . More precisely, we use the detected baryonic fraction,
which is the ratio of the actual baryon fraction, F b = M b /M 500 , in the structure, to the amount of baryons expected from the cosmic baryon fraction, f b = 0.17 ± 0.01 (Komatsu et al. 2009 ). During infall, baryons compress the DM (adiabatic contraction (AC)). They are then subject to radiative processes, giving rise to clumps which condense into stars as described in Li et al. towards the external parts of the structure and hence gives rise to the observed density profile flattening.
In Fig. 4 , we plot the DM halo profiles generated with the model from DP09 (Appendix A). In the left (resp. right) panel, the solid line represents the density profile of pure DM haloes with 10 8 M ⊙ (resp. 10 10 M ⊙ ), while the dotted line gives the density profile in the case baryons are taken into account, in the left (resp. right) panel, with f d = 0.004 (resp. f d = 0.04), corresponding to a stellar mass of ≃ 10 6 M ⊙ (resp. As Fig. 4 shows, the density profile obtained from DM only (DMO) profile, is much steeper in the centre than the profile containing also baryons (DMB profile). They equally describe on parents or satellite haloes the effects of baryons and such flattening can solve the CCP. In Fig. 5a -c, we show the density profiles of satellites with masses equal to 10 (Fig. 5b) , while larger content of baryons flattens further the profile (Fig. 5c ). In Fig. 5d , we compared our results with the most luminous and gas rich satellites of Z12 (see their Fig. 2 ). In our plot the dashed lines represent the Z12 DMO satellites, the solid lines give the Z12 DMB satellites, while the dashed lines represent the result from our model for the DMB satellites. The plot shows the flattening of the density profiles with respect to the DMO satellites when baryons are taken into account, as well as a good agreement between our model and the Z12 result.
As shown in Table 2 
We generate haloes with circular velocity in the range V c = 10 − 50 km/s. Following Klypin, Trujillo-Gomez, and Primack (2011), the circular velocity, v c , of subhaloes can be converted into the subhalo mass by means of
Given a halo mass, we calculate its DMO density profile, ρ DM O , and its DMB density profile, ρ DM B . We then may calculate the circular velocity at 1 kpc, v c,1kpc , for the DMO density profile recalling that Governato et al. 2012) . Similarly, we calculate the v c,1kpc for the DMB satellites, and finally ∆v c,1kpc = v c,DMO − v c,DMB . Obviously, if we calculate ∆v c,1kpc at this stage, we would not take into account the further reduction of the satellite mass due to its interaction with the parent halo, because of tidal stripping, and tidal heating. The next subsection studies this side of the problem.
Second phase: mass lost caused by tidal stripping and tidal heating
Here starts the second phase previously mentioned, that considers the effects of the interaction between the main halo and the satellite. In order to properly take into account tidal stripping and heating after infall, and to get accurate v max values, we follow a combination of TB01 model with P10 models. The model is described in Appendix B. In TB01, the model is compared with high resolution simulations, while P10 checks their model in its Appendix A through high resolution N-body simulations.
The TB01 model is able to follow the merger history, growth of the interacting satellites and to track the substructure evolution, taking into account the mass loss due to tidal stripping, tidal heating, as well as enhancement of stripping due to the disc, in the host halo. P10 studied the effect of the shape of satellites (cusp, core), and of the presence of a baryonic disc on satellite populations around spiral galaxies. He also constructed a semi-analytic model describing the satellites tidal evolution during their fall into the host galaxy that displayed good agreement with his simulations. The P10 model is fundamentally based on TB01, with the difference that the TB01 model is more complete since it also takes into account tidal heating. In our model we use the DM density profile for the host halo chosen by P10, namely a NFW profile, but with the parameters from P10. Nonetheless, similarly to P10 and contrary to TB01, we did not take into account the bulge.
This was neglected (as in P10) since the disc has a much larger mass than the bulge, and the density gradient of the disk is 10 times larger than that of the bulge or of the halo, thus heating the satellites 100 times more efficiently than the other components.
The semi-analytic model, hereafter indicated as TBP model, is described in Appendix B.
At this point we may put together the mass decrease in satellites due to phase 1 (core flattening due to interaction of baryonic clumps with DM), and due to tidal stripping and heating.
In Fig. 6 we plot the difference in circular velocity at 1 kpc, and at z = 0, for the DMO and DMB satellites. The changes in velocity, ∆v c,1kpc = v c,DMO − v c,DMB , are due to the cumulative effects of the two phases previously discussed, namely a) the cuspy to cored transformation of density profiles due to the interaction between baryon clumps and DM through dynamical friction, and b) tidal stripping and heating produced by the passage of the satellite through the host galaxy. The dashed line is a fit to the data, and is given by
We want to stress again that this correction is then applied to VL2, together with the other corrections discussed in what follows.
The correction obtained is close to the results from Z12 that accounted for the reduction of subhaloes central mass produced by SF and tidal stripping, given by
The above equation, from Z12, was obtained by fitting the corrected data displayed on their Fig. 8 . Our Fig. 6 , which displays our corrections to the same original data, shows a clearer trend ∆v c -v infall , due to the absence of the numerical effect described in Z12, namely the fact that their gas-rich satellites are probably richer due to inefficient stripping in their SPH simulations (recall Sect. 4 of B13, where such effects are discussed). We stress out that our model properly takes into account tidal heating through the TBP model while this is not taken into account in Z12. It also correctly account for the passing of satellite through host disk that induces disk shocking, while again, Z12 neglects it. The former lack is recognised, as discussed, in Z12 itself and in B13, where in addition the absence of disk shocking also pointed in Z12 as leading to slower satellite disruption. In fact, as discussed in B13, it can be recognised that the simulations of Z12 having ∆Vc,1kpc km/s Vinfall km/s indeed disk shocked satellites, those are discarded as outliers by their scheme since their correction, neglecting disk shocking, lead to very strong disruptions and eccentricities compared to other subhalos. Equation (2.3) gives the difference between DM and SPH runs, and therefore the corrections to apply to satellites in N-body simulations to take account of the missing piece of baryonic physics.
In the case of v inf all = 30km/s, the Z12 correction gives ∆(v 1kpc ) = 5.74, while ours gives ∆(v 1kpc ) = 8.7. The difference between the two ∆(v 1kpc ) is due to the different models used to produce the pre-infall flattening of the satellites density profile and the tidal heating of subhaloes Mayer et al. 2001 ; D'Onghia et al. 2010b; Kazantzidis et al. 2011) . Whereas the latter is taken into account by our model, it cannot be captured in the Z12 correction, using SPH simulations, (as stressed in Sect. 4 of B13) since this would have required a very high resolution (Choi et al. 2009 ).
Concerning the pre-infall flattening, the models are qualitatively distinct: in Z12 it is due to SF, and in our case is connected to DF. As shown by Cole et al. (2011) , DF on infalling clumps is a very efficient mechanism in flattening the DM profile. A clump having a mass of 1% of the halo mass can give rise to a core from a cuspy profile removing twice its mass from the inner part of the halo. In the case of the SF the mechanism becomes less effective when going to lower masses (e.g., dwarfs with stellar mass < 10 5 − 10 7 M ⊙ have fewer stars and supernovae explosions are as a consequence less present with respect to dwarfs having stellar mass > 10 7 M ⊙ (Governato et al. 2012)).
Evaluation of luminous satellites
We have thus seen that the number of massive satellites is reduced by applying baryonic corrections, taken into account by Z12 or in the present work, to dissipationless N-body simulations, and in particular to the satellites in VL2. We are then left with the task to determine whether indeed the baryonic corrections also reduce the number of luminous satellites, and if this number is in agreement with those observed in the MW. In order to check this, other corrections are needed.
Our correction (Eq. 2.3), similarly to the Z12 correction, applies to satellites that survived at z = 0, with their central v c reduced by baryonic physics. furthermore, other satellites are destroyed (by e.g. stripping or photo-heating) before z = 0. In N-body simulations, like the VL2, baryonic effects are not taken into account. Some satellites of such simulations will not be destroyed when the same satellites may be totally destroyed by enhanced tidal stripping (due to the presence of a disc) in the real universe or even SPH. Our method requires then to determine the destroyed satellites before applying our Z12-like correction to VL2. To evaluate the luminous satellite population, we require two additional corrections: a) to account for the destruction by tidal stripping, b) and to account for suppression in star formation.
The first correction to apply to VL2 N-body satellites is the destruction rates by tidal stripping. To do so, we need a relation between the mass retained since the infall and the change in the velocity (e.g., v max ) in the same time interval.
We computed that relation using the same satellites with which we calculated the relation ∆v c,1kpc -v infall (see the final part of sect. 2.1).
We plotted the result in The plot shows that DMB satellites loose more mass than DMOs. This difference is due to the following reasons: 1) DMB satellites contain gas, contrary to DMOs; 2) DMB satellites have flatter profiles than DMOs and thus suffer more tidal stripping (e.g., P10). The same goes between the baryon-richer DMB (filled circles) and baryon-poorer DMB (open circles). The maximum loss happen for DMB satellites in the vicinity of the host galaxy disc.
In Fig. 7 , we also plotted the analytic results from Eq. 8 of P10 (see also their Fig. 6 ), describing the change in v max as a function of mass lost due to tidal stripping The γ = 1 curve in Fig. 7 gives a good fit to the change in v max for the DMO satellites, which generally produce cuspy density profiles. Conversely, the γ = 0 curve presents a good approximation for the DMB satellites, that generally should be cored, particularly for those having large baryonic content (i.e., many stars).
Summarizing, we may determine which VL2 satellites are tidally disrupted by fixing a destruction criterion (e.g., mass lost), and by using Eq. (2.5). Since the VL2 satellites are obtained in N-body only simulations, their inner slopes is expected to be γ ≃ 1, as found in B13. Consequently, we must use ζ = 0.40 and η = 0.30 in Eq. (2.5).
As for the destruction criteria, we fix it similarly to B13, as follows. As already discussed, tides affect much more cored than cuspy satellites. Under these conditions, the latter may survive, loosing up to 99.99% of their mass, while the former are disrupted. In the case of cored satellites, for which γ = 0, and a host galaxy with γ = 1, Fig. 2 in P10 shows that those satellites with pericenters 20 kpc loose, when the host galaxy has a disc, 99.9% of their mass, and 90% if there is no disc. Here we assume, as B13, that VL2 satellites are disrupted if they loose > 90% of their mass after infall and pass at a distance < 20 kpc from the host galaxy center. As these criteria are valid for cored satellites, we should therefore select a criterion to establish whether a satellite is cored or cuspy. Governato et al. (2012) found that satellites having a stellar mass > 10 7 M ⊙ , corresponding to v infall > 30 km/s, are cored. We recall that, in their simulation, the flattening is produced by SF, while in our model, it is connected to DF. In the following, as in B13, we apply the disruption criteria discussed above to satellites with v infall > 30 km/s. In the case v infall < 30 km/s, the halo is fully stripped off only if it loose 97% of its mass (Wetzel & White 2010) .
Summarizing, all the VL2 satellites loosing more than 97% mass (x = 0.03), or loosing more than 90% mass, combined with v infall > 30 km/s and a pericentric passages < 20kpc, are considered to be destroyed.
The second correction is the suppression of star formation by photo-heating, obtained from the Okamoto et al. (2008) results. In their paper, a uniform ionizing background is assumed, for which He II reionization happens at z = 3.5, while it occurs at z = 9 for H and He I. They found the value of the typical halo mass retaining 50% of f b : M t (z). This mass can be converted into a typical velocity, v t (z) 7 . Thus, if a VL2 subhalo has a larger peak velocity, v peak > v t 8 , it is considered to contain enough baryons to make it luminous. 7 In the conversion, we used an overdensity 200ρcrit, and a WMAP3 cosmology (Spergel et al. 2007 ). 8 v peak represents the largest value of vmax over the entire history of the subhalo.
The last step consists in assigning a luminosity to the surviving satellites. We first need to allocate stellar masses to VL2 satellites via a relation between v infall and the stellar mass M * .
To do so, we recycled the satellites considered in the determination of ∆v c,1kpc . As it is usually assumed (Bullock et 
Finally, we need to relate M * and the V-band magnitude, M V . We apply the relation from B13, extracted from Z12 simulations,
3 Results and discussion
The result of the corrections discussed above are plotted in Fig. 9 . The top panel represents the results from VL2 at z = 0. The bottom panel presents the results of applying those corrections (heating, destruction, and velocity corrections) on the same satellites. The objects considered "observable" in the VL2 simulation are ascribed red filled symbols. Dark objects are marked by empty circles: simple empty circles have a mass smaller than the minimum to retain baryon and form stars, while objects crossed in addition with an "x", represent subhaloes that do not survive to the baryonic effects (e.g., baryonic disc, etc). Finally, filled black circles are satellites that lose 90% of their mass since infall, but do not satisfy the destruction criteria previously described: stripped of their stars, they actually appear much fainter than the "observable" ones. Note that the Z12 correction was not applied to satellites with v max > 50km/s(for example, satellites with M V < −16, as they are the 5 most massive satellites at infall).
We obtain 3 satellites with v 1kpc > 20 km/s, in agreement with B13. However, our central velocities are smaller: the correction to the circular velocity, ∆(v 1kpc ), is larger in our model compared to Z12 and B13. In addition, in our case, some satellites are "overcorrected": their corrected velocities are negative.
Similar to B13, overcorrected haloes are part of a population that lost a great part of their mass after infall. At z = 0, their circular velocity at 1 kpc, v 1kpc , is very low so the correction ∆(v 1kpc ) brings them to negative values. After infall, that population suffers mass loss larger than 99.9% and exhibit tidal radii < 1 kpc. It can therefore be considered as a population of destroyed subhaloes.
It is interesting to note from Fig. 9 that the model obtains not only a reduction of the number of satellites, solving the MSP, but also a reduction of their central velocity, clearing up the TBTF problem. Figure 9 . Plot of v 1kpc vs M V for the VL2 simulation subhaloes. In the top panel, we plot the raw VL2 satellites velocities vs M V at z = 0, as in B13. In the bottom panel, we present them after the baryonic corrections described in the text. The filled black circles represent satellites that have lost enough mass so that their stars are stripped and their luminosities are just upper limits, while their actual luminosities are much fainter at infall. Filled red circles are satellite actually observable at z = 0. Dark subhaloes are represented by empty circles, while circles with an x are subhaloes that have low probability to survive to tidal effects.
As for B13, UV heating and tidal destruction are necessary to reconcile the total number of luminous satellites with observations, while the Z12 correction is necessary to reconcile the masses of the subhaloes with observations.
If the baryonic effects were not taken into account, a population would exist of satellites significantly more massive than those of the MW.
Finally, the effect of UV heating is required, on top of tidal destruction, to get the correct number of luminous satellites.
A similar result has been obtained in a series of papers (Z12; Brooks & Zolotov 2012; B13). In those papersand differently from our model, the main effect is connected to SF following episodic bursts of supernovae, that produce the flattening of the cusp and the TBTF solution.
In our model, the solution to the aforementioned problems is connected to the complex interaction between DM and baryons mediated by DF. Our study is similar to those of ElZant et al. 2011), in the sense that DF plays an important role. However, while previous studies considered one effect at a time (e.g., random angular momentum, angular momentum generated by tidal torques, adiabatic contraction, cooling, star formation), we consider the joint effect of all of them.
Our model differs from Z12 and B13 not only, as already mentioned, on the fundamental mechanism producing the flattening of isolated haloes' density profile, but also on the model describing the satellites dynamics.
Indeed, here the dynamics of the satellites (i.e., the TBP model in Appendix B) proceeds from two competing mechanisms: dynamical friction, inducing a decay of the satellites orbits, and tidal stripping and heating, reducing the bound mass of the satellite. This reduction causes a decrease in the frictional force, which produces in turn a slowing down of the orbital collapse. Massive and dense satellite are more subject to DF and sink fast towards the center of the potential. Low-density satellites are more subject to stripping and fall slowly towards the center. Mass loss and tidal heating depend primarily on the satellite density profile, as confirmed by P10.
Here, tidal heating and disc shocking are taken into account through the TBP model, in contrast with B13 (as stressed in Sect. 4 of B13) 10 . In SPH simulations (Z12 simulations in our case) it is difficult to capture tidal heating, since this would require a very high resolution (Choi et al. 2009 ).
Accounting for these effects speeds up the disruption of satellite, and yields a further reduction of the mass retained by them compared with B13. As already reported, a satellite disc-crossing results in a 100 times more heating than if provoked by the halo component or by the bulge (should this component be considered) of the parent.
Tidal heating increases mass loss, reducing dynamical friction, with the final result of a slower sinking of the satellite. The more inclined an orbit is, the more heating is active. Considering as disrupted a satellite that has lost 90% of its mass, heating reduces the disruption time by 40%. Moreover, heating outputs a different distribution of stripped material in satellites. Finally and as mentioned, because of the absence of the numerical effect found in Z12 that resulted in their inefficient stripping of gasrich satellites in their SPH simulations, our ∆v c -v infall correction displays a clearer trend.
In the present paper, we partially realized the suggestion of B13 to adopt a semi-analytic model (two in our case) to follow the growth, and merger history, of satellites in order to single out those which retain gas to form stars. We even pushed a step further by incorporating in the semi-analytic model the effects of UV heating, and by applying directly the model to the VL2 satellites. Our models call for the generation of a large sample of satellites with similar properties to those displayed in the VL2 subhalo catalog ).
Our model
All VL Subhalos MW dwarfs Then, applying the model in Appendix A, we may follow the formation of the satellites, and, by means of the model in Appendix B, we may study their dynamics, the mass loss due to tidal stripping, tidal heating, and the effect of the central baryonic disk. B13 emphasized the enhancement of tidal stripping that a disk would produce, but they used a correction (from Z12) that neglects disk shocking. To be more precise, Z12 considered the few satellites experiencing disk shocking to be outliers (see B13). In Z12, and then B13, tidal heating was not accounted for as it would have required very high resolution to be captured (Choi et al. 2009 ).
In Fig. 10 , we compared the cumulative number of MW satellites in terms of the circular velocity of the halo with theoretical results. The upper solid line with diamonds represents the Via Lactea subhaloes ). The filled squares display the set of the sum of the classical MW dwarfs and the ultra-faint-dwarfs (Simon & Geha 2007 ). The dashed line shows the result of our model in terms of the abundance of subhaloes in the VL2 simulations after the baryonic corrections discussed. This plot demonstrates clearly how applying the baryonic correction to the VL2 subhaloes reduces the number of the satellites to reach the levels observed in the MW, thereby solving the MSP.
Since our model is not so computationally "heavy" as SPH simulations, we can study the MSP in different galaxies. To solve the problem in a single galaxy is not enough to conclude that the problem is solved in galaxies different from ours. In fact, several authors have discussed the MSP in relation to the host galaxy mass. Di Cintio et al. In any case, the main point of our study, despite it having room for improvements, is that baryonic physics is able to solve simultaneously the MSP, and TBTF problem.
Several studies showed how tidal stripping and heating can solve the problem of satellites abundance, the MSP (e.g., Bullock In our model, we solve simultaneously both problems by taking into account the flattening of the density profiles of the satellites before infall, which renders them more sensitive to tides, the tidal stripping and heating resulting from infall and the enhancement of tide effects due to the baryonic disk.
At the same time, our model solves the CCP, as shown in Sect. 2, through DF energy and angular momentum transfer from baryon clumps to DM. Finally and as shown in DP09 and Del Popolo et al. (2014a), the model also solves the "angular momentum catastrophe", that is the discrepancy in disk size and angular momentum distribution between the Smooth Particle Hydrodynamics (SPH) simulations of disk galaxy formation and real galaxies observations. In Fig. 11 , we plot the angular momentum distribution (AMD) for UCG 6446 obtained by van 2000) (solid lines). In the disc, the baryonic matter with lowest and highest momenta is absent. The angular momentum catastrophe is not present in our model because of the fact that the less massive clumps acquire more angular momentum than larger ones: in the virialization process smaller clumps loose more angular momentum than lager ones. As a result, the low tail in AMD is missing (see Del Popolo et al. 2014a for a wider and deeper discussion). Summarizing, the model shows how taking account of baryon physics allows to solve the small scale problems of the ΛCDM model.
Conclusions
In the present paper, we looked for a common solution to the CCP, AMC, MSP and the TBTF problem using two semi-analytic models: a) the model presented in DP09 (see also DP12a, b), and b) the model in TB01, and P10 (TBP model).
The study was divided into two phases: in the first, satellites were considered isolated and we studied, by means of the DP09 model, how the haloes profile are changed by adiabatic contraction, dynamical friction and the exchange of angular momentum, ordered and random, between baryons and DM. This applies both to isolated satellites and parent haloes alike, and solves the CCP.
The model had already shown in DP09, DP12a,b, that the angular momentum generated through tidal torques and random velocities (random angular momentum) in the system, can be transferred in part to the DM from baryons through DF. In the second phase, satellites were allowed to interact with the host halo, and tidal stripping and heating were calculated through the TBP model.
We obtained a correction to the central velocity of the satellites from the cusp to core transformation before the satellites are accreted, and tidal stripping and heating produced from interaction with the main halo. This correction is close to that of Z12.
We then found the relation between the retained mass of satellites and the changes in v max from z infall to z = 0, and found a connection between mass loss and velocity change, in agreement with Eq. 8 of P10. This allowed us to determine the number of fully disrupted satellites because of tidal stripping and heating.
This correction, together with the effect of UV heating, and some criteria to fix which satellites are destroyed by tides, were applied to the VL2 satellites. As a result, the number of satellites is reduced and in agreement with the number observed in the MW. Similarly, the central velocity of satellites is reduced by the aforementioned corrections, supressing the angular momentum catastrophe.
The present paper shows that baryonic physics is of fundamental importance to solve the small scale problems of the ΛCDM model: the MSP, the TBTF problem, the CCP (DP09), and the AMC (DP09). The possibility to solve those problems in the ΛCDM paradigm without the need to change the power spectrum or the constituent particles of DM is another proof of the robustness of the ΛCDM paradigm, and should, in addition, spur further studies in the direction followed in the present paper. During the evolution of the perturbation and its collapse, a random angular momentum j(r, ν) rand , is generated from random velocities (Ryden & Gunn 1987) . Usually, in SIM papers taking angular momentum into account, the so-called "random angular momentum" is the only one considered (Nusser 2001 13 . A more detailed analysis shows that particle orbits tend to become more radial when they reach the turn-around radius. Moreover, eccentricity depends on the dynamical state of the system, so that ). The total specific angular momentum, h(r, ν), is obtained by integrating the tidal torques, τ (r), over time (e.g., Ryden 1988, Eq. 35). It is common to express the total angular momentum in terms of the spin parameter. If the system is constituted of DM and baryons, the baryonic (resp. DM) spin parameter is given by
M gas(DM ) being the gas (resp. DM) mass inside, r vir , the virial radius, and L gas(DM ) is the angular momentum of gas (resp. DM). The λ parameter distribution is well described by a lognormal distribution (e.g. Vivitska et al. 2002) . The way dynamical friction is taken into account is described in Appendix D of DP09, and its effects on structure formation is 12 Structures are usually labeled by the their density contrast with respect to the critical density, ρc. The mass in a given radius encompassing the overdensity ∆ is given by
M500 is the mass enclosed in R500, defining the radius within which the mean structure overdensity is 500 times the critical density ρc. 13 A value e ≃ 0.2 produces density profiles close to the NFW model. In Avila-Reese et al. (1998, 1999) it was fixed at 0.3.
14 The peak height ν is defined as ν = δ(0)/σ, where δ(0) is the central overdensity value, and σ is the density field mass variance (Eq. B12 in DP09; Del Popolo 1996). calculated, following DP09, by introducing the dynamical friction force in the equation of motion (Eq. A14 of DP09).
A fundamental process in galaxy formation is adiabatic contraction (AC) of DM haloes, produced by baryon condensation in the proto-structure center. AC produces a steepening of the DM density profile (Blumenthal et al. 1986; Gnedin et al. 2004; Gustafson et al. 2006 ) from baryon dissipative cooling and their collapse to the proto-structure center. This gives rise to a final baryonic mass distribution M b (r) = M * + M gas , where the gas and stars masses are M gas and M * respectively. Dark matter particles initially located at radius r i move to a new radius r < r i , characterized by (Ryden 1988; Flores et al. 1993 )
where M dm is the final distribution of DM halo particles, and M i (r i ) the initial total mass distribution, and M b , as reported, the final baryonic mass distribution. If the halo particles orbits do not cross, we have and T r is the radial period 16 . The previous model does not include exchange of angular momentum between baryons and DM. This is a good approximation in the early phase of the structure's formation, when baryons' density is an order of magnitude smaller than DM's. However, when baryon density increase because of the collapse, the approximation is no longer valid. Baryon density increase acts as a coupling process between DM and baryons (Klypin et Similarly to other semi-analytical models and following the philosophy of the works from White & Rees (1978) and White & Frenk (1991) , we include other important physical processes such as gas cooling, and star formation, as described below.
The structure's formation in our model can be summarized as follows. Galaxy formation starts with the proto-structure in its linear phase, containing DM and gas. In our model the baryons are initially in the form of a diffuse gas, with the baryonic fraction previously discussed. In order to follow the structure formation, we divide the proto-structure into mass shells, made of DM and baryons. The proto-structure evolution is followed in the expansion phase, until turn-around, and through the subsequent collapse by means of the SIM. As is known, DM collapse earlier than baryons to form the potential wells in which baryons fall, and are subject to radiative processes with the formation of clumps. Those clumps collapse to the halo center, condensing into stars, as described in Li et al. (2010) (2008), respectively. During the baryons infall phase, DM is compressed (AC). At this epoch, the density profile of the proto-structure steepens. In their travel towards the center, baryons clumps are subject to DF from the less massive DM particles. This produces a predominant motion of DM particles outwards. The effect of this mechanism is amplified by the angular momentum, acquired by the proto-structure through tidal torques (ordered angular momentum), and by random angular momentum. The cuspy profile is flattened to a cored one.
Our model is in agreement with other papers in which exchange of energy and angular momentum from baryons clumps to DM through DF is responsible for flattening the density profile 
B Dynamics of the satellites.
In the following, we discuss a semi-analytic model that follows the substructure evolution within DM haloes. It takes into account the effects of DF, tidal loss and tidal heating. The model is basically the TB01 model with small changes coming from a similar model by P10.
Each satellite is represented by a spherically symmetric subhalo, whose structure is time dependent. At a time t, the satellite's state is specified by the form of the density distribution, from a chosen initial condition 17 , by the mass bound to it, and by the heating experienced in time. For the determination of the satellite's orbit, we ignore its spatial extent and we solve its equation of motion in the potential of the host halo.
At each time step, the equations solved are:
The initial density profile of the satellites is given by Appendix A.
In Eq. (B.1), the term f h = −GM (< r)/r 2 is the force due to the host halo, where 
with M d = 5.6 × 10 10 M ⊙ , r d = 3.5 kpc, and z 0 = 700 kpc. In this study, we neglect the bulge (similarly to P10), since the disc has a much larger mass than the bulge, and presents a steep vertical density gradient. That gradient is 10 times larger than for the bulge or the halo, resulting in satellite heating at disc crossing 100 times larger than from the other components.
B.1 Dynamical friction
The term f df is the dynamical friction force on the satellites due to the DM particles moving around the host. Dynamical friction is approximated through Chandrasekhar's formula (Chandrasekhar 1943 ) which is sufficiently accurate if one can consider the so called "Coulomb logarithm" as a free parameter, fixed through simulations (e.g., van den Bosch et al. 1999).
Chandrasekhar's formula, in our case is given by
having divided the potential into the halo and disc components. M sat is the satellite mass, r its position, and ln Λ h and ln Λ d are the Coulomb logarithms of the halo and disc components, respectively. If v sat indicates the velocity vector of the satellite, then v rel,h = v sat is the satellite's relative velocity with respect to the halo, while v rel,d = v sat − v d,φ the relative velocity with respect to the disc, while the term v 2 d,φ = R|f d (Z = 0)| is the circular velocity of the disc measured on the plane of the galaxy. The velocity distribution, F (v), is assumed to be isotropic and Maxwellian, for simplicity
where the term X i = |v rel,i |/ √ 2σ i is the one-dimensional velocity dispersion 19 . Chandrasekhar's formula was calculated for a massive point particle, but several authors showed that it can be applied to calculate the drag force on an extended satellite by adjusting appropriately the Coulomb logarithms (e.g., Colpi, Mayer & Governato 1999) . Their choice 18 We recall that the NFW profile is given by ρ(r) = and ρc is the critical density. The scale radius rs, and ρs depend on the formation epoch and are correlated with the virial radius of the halo, Rvir, through the concentration parameter c = Rvir/rs. 19 The velocity dispersion is defined as σi(r) ≡ 1/ρi(r)
is not trivial. Usually Λ is defined as Λ = b max /b min , where b max is set to the typical scale of the system, and b min ≡ G(M sat + m)/V 2 , m being the mass of the background particles and V the typical velocity of the encounter, is the minimum impact parameter. A different definition is used for an extended satellite (Quinn & Goodman 1986 ). The uncertainty in Λ d and Λ h directly reflects on that of the orbital decay rates, since the latters depend on the values of the Coulomb logarithms. A way to reduce such discrepancy is to treat ln Λ h and ln Λ d as free parameters. The self-consistent value of the Coulomb logarithm best fitting N-body orbits is ln Λ h = 2.1 (Peñarrubia, Just & Kroupa 2004; Arena & Bertin 2007), while TB01 and P10 adopt ln Λ d = 0.5. One should also make a correction to the expression for the disc friction, since the model assumed a constant satellite wake, and this approximation could reveal incorrect if the background density changes over small scales (e.g., when the satellite is in the disc plane). This can be corrected by smoothing the disc density (see Sec. 2.2.1 of TB01).
B.2 Mass loss
A finite size satellite moving through the host galaxy is expected to loose mass because of tidal stripping. The mass decrease of the satellite affects its dynamic, since the dynamical friction force expression contains M 2 sat . It is clear that we need to estimate the mass loss in order to correctly describe the satellite motion. The loss of mass is due to the action of tidal forces. We distinguish two model behaviours: if the system is "slowly varying", we consider the material outside a limiting radius, dubbed "tidal radius", to be stripped, while if the system is "rapidly varying", the satellite material will be heated.
In the first case, one estimates the tidal radius as the distance, measured from the centre of the satellite, where the tidal force balances the satellite's self-gravity. In the case of satellites on circular orbits, the tidal radius is given by
; (B.6) (King 1962), where, as before, M sat is the mass of the satellite ω is its angular velocity, and Φ h is the host halo potential. Eq. (B.6) is valid if M sat << M h , R t << R system , and the satellite is corotating at ω. Eq. (B.6) describes a steady state loss of mass, while the mass changes on a general orbit should depend on the orbital period. One then assumes that mass beyond the tidal radius is lost in an orbital period. The calculation of d 2 Φ h /dr 2 is performed averaging over the asphericity of the potential originated by the disc component, as follows
In real systems, satellites are not spherical and do not move inside spherically symmetric potentials. In such cases, Eq. (B.6) can be used to define an instantaneous tidal radius.
The stripping condition can be written in terms of the densities as, ρ sat (< R t ) = ξρ gal (< r) .
(B.8)
The previous equation localizes the tidal limit at the radius beyond which the satellite mean density, ρ sat , is larger by a factor ξ than the average galaxy density inside that radius r, where
being ω the instantaneous angular velocity of the satellite and ω c is the angular velocity of a circular orbit of radius r.
From the previous discussion, we can define an algorithm to calculate stripping. 1) We divide the orbital path of the satellite in discrete sections, and calculate the tidal radius through Eq. (B.8).
2) A fraction ∆t/t orb 20 , of the material outside the virial radius will be removed. 3) Whereas in TB01, the satellite was considered disrupted when the tidal radius was smaller than the profile core radius, in our case, we define some other disruption criteria in Sect. 2.3.
B.3 Tidal Heating
As previously discussed, in the case of a rapidly varying gravitational potential, shocks are produced which result in changes in the satellite structure and give rise to an acceleration of the mass loss (e.g., Gnedin & Ostriker 1997 Gnedin, Hernquist & Ostriker 1999) . A simple first order correction for tidal heating can be obtained as follows. Rapid shocks are identified by comparing the orbital period of the satellite, t orb,sat 21 , with the disc shock timescale, t shock,d = Z/V Z,sat . If t shock,d < t orb,sat the satellite is heated. We then calculate the change in energy, and the subsequent mass loss in the satellite. The energy change is obtained adopting the impulse approximation (Gnedin, Hernquist, & Ostriker 1999), which yields the velocity change produced by the tidal field in the encounter, relative to the center of the satellite.
This velocity change produced in an encounter of duration t, for an element of unit mass located at x with respect to the center of the satellite, writes ∆V = We divide the shock in n time steps of length ∆t and suppose that the satellite is sufficiently small so that the tidal acceleration can be expressed in terms of the gradient of the gravitational acceleration produced by the external potential, g. We then average the change of energy on a sphere of radius r, in a time step, as ∆W tid (t n → t n+1 ) = 1 6 r 2 ∆t 2 2 g a,b (t n ) n−1 i=0 g a,b (t i ) + g a,b (t n )g a,b (t n ) (B.12)
20 ∆t is the timestep, while t orb = 2π/ω is the orbital period, which is assumed to be the typical time-scale for the mass loss of the satellite. 21 t orb,sat = 2πr h /Vc(r h ) is the satellite orbital period at its half-mass radius, r h .
where g a,b = ∂g a /∂x b is evaluated at x = 0. The impulse approximation, upon which the calculation of Eq. (B.12) is based, breaks down in the central part of the satellite where the dynamical time-scales can be comparable to, or even shorter than, the duration of the shock. When this happens the shock effects are significantly reduced. This is taken into account through a first-order adiabatic correction (Gnedin & Ostriker ) ∆E 1 = A 1 (x)∆E 1,imp , (B.13) where x = t shock /t orb,sat is the adiabatic parameter, and A 1 (x) = (1 + x 2 ) −β , with β = 5/2 . Another correction required is connected to the satellite internal dispersion velocity, which is altered by heating (Kundić & Ostriker 1995) . We start by computing the energy changes at first-order and further take into account the higher order effects through the heating coefficient, ǫ h , as ∆E = ǫ h ∆E 1 = ǫ h A 1 (x)∆E 1,imp = ǫ h A 1 (x)δW tid .
(B.14)
Gnedin & Ostriker (1997) estimated ǫ h ≃ 7/3. In this paper, we follow TB01 in adopting the value ǫ h = 3. Practical determination of the effect of heating on the satellite leads us to assume for each mass element that its potential energy is proportional to its total energy. We note that shell crossing is not taken into account by the mass distribution changes.
Consequently, we write that a mass element will have a total energy E(r) proportional to −1/r, and a radius change ∆r ∝ ∆E(r) r 2 .
Inside radius r the mean density will change as ∆ρ r = ∆ 3M (< r) The previous equation shows how the bound mass density in the satellite can decrease because of heating, with the results of an acceleration of the mass loss. The decrease in density can correspond to, either an increase of the velocity dispersion in, or an expansion of, the satellite. In any case, it gives rise to the same change in the bound mass.
We can calculate the density change due to tidal heating, at a radius r as a function of time. Applying then the equation for tidal stripping, (Eq. B.8), to the heated density we can estimate the quantity of mass lost.
In the calculation, we smoothed the disc mass in the vertical direction, as already mentioned, over twice the disc scale height. We assume the velocity dispersion of the disc to read as The model depends on three parameters: ln Λ h (strongest dependence), ǫ h (weaker than the previous), and ln Λ d (weak dependence). To evaluate the sensitivity of the results to parameter variations, 20% changes in the second parameter (ǫ h ) were issued: even with such modulations, only slight changes to the results were produced.
